The ability of Edwardsiella tarda to hemolyse red blood cells was investigated. Most E. tarda strains ( > 80%) produced a hemolysin when assayed by either an agar overlay or contact-dependent hemolysis technique. This activity was cell-associated (CAH) and not released into the culture supernatant under routine conditions. When quantified, E. tarda strains significantly produced 30-40-fold higher levels of hemolytic activity against guinea pig, sheep, or rabbit erythrocytes than either E. hoshinae or E. ictaluri. When grown under iron restricted-conditions in the presence of ethylenediamine di(o-hydroxypbenylacetic acid), hemoglobin, hematin and hemin were found to stimulate growth in both liquid and agar bioassays. Hemolysin activity could be released from selected E. tarda strains when grown in L broth supplemented with EDDA; hemolytic activity was 3-to > 40-fold under these conditions when compared to L broth alone. Preliminary characterization of the hemolysin of strain ET-13 indicates that it is a heat-labile protein with active sulphydryl and thiol groups. These results indicate that, in addition to its invasive capabilities, E. tarda produces a hemolysin which is at least partially regulated by the relative availability of iron and may play a role in human disease.
Introduction
The genus Edwardsiella is currently composed of three species only one of which, E. tarda, is known to be pathogenic for humans. The most common infection associated with E. tarda is gastroenteritis where the isolation of this bacterium from a diarrheal specimen is usually considered to be diagnostically significant [1] .
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Very little information is known regarding what virulence factors might play key roles in pathogenesis during the course of E. tarda infections. Recent investigations have identified several potential virulence-associated factors which include the ability to penetrate epithelial cells [2] , a hemolysin [2] , and several other properties such as cell adhesins and an iron sequestering system [3, 4] . A previous investigation [2] had suggested that the hemolysin is ceil-associated and not released into culture supernatants. In this investigation we further characterize expression of this hemolytic activity and investigate the possible role iron may have in the infection process.
Materials and Methods

Bacterial strains
Thirty-eight strains of Edwardsiella ( E. tarda, n = 27, E. hoshinae, n = 6, E. ictaluri, n = 5) were used in the present investigation. These strains were identified to species by conventional biochemical properties and the sources of these isolates have been described previously [2, 3] . Unless otherwise specified, E. tarda and E. hoshinae were grown at 35°C and E. ictaluri at 25°C for all experiments.
Hemolysin assays: qualitative
To screen 38 Edwardsiella strains for hemolytic activity four different assays were used: a plate assay (PA), which consisted of 1% human A erythrocytes (HuA) in heart infusion agar base, was point-inoculated with individual edwardsiellae and then incubated under appropriate conditions for 18-20 h; an agar overlay (AO) method consisted of spotting suspensions of individual Edwardsiella strains onto L agar and then incubating these plates overnight under appropriate conditions; after incubation each plate was overlayed with a soft agar (0.65%) suspension containing 1% HuA erythrocytes in PBS. Plates were then re-incubated at 35°C for 4 h after which a final reading was taken. Finally, a contact hemolysis (CH) and supernatant assay (SA) were performed. Each Edwardsiella strain was inoculated into a tube containing tryptone broth and incubated at the appropriate temperature under static conditions for 18-20 h; after incubation each broth was split into two fractions for assay. For the CH test, a 100-~1 broth suspension was mixed with 100/zl of a 2% HuA erythrocyte suspension in PBS in a 96-well plate (Cell Wells, Corning, NY); the plate was then incubated for 1 h at 35 °C after which each well was read for macroscopic signs of hemolysis. For the SA, a portion of the tryptone broth culture was passed through a 0.45-ttm filter (Uniflow, Schleichter and Schuell); this cell-free supernatant was then assayed for hemolytic activity identical to that described for the CH test.
Hemolysin assays: semi-quantitative
For 36 Edwardsiella strains (E. tarda, n = 25, E. hoshinae, n = 6, E. ictaluri, n = 5), a semiquantitative asay was performed [2] . Brain heart infusion broth grown bacteria were pelleted, resuspended in PBS, and standardized at 610 nm to an OD of approx. 1.0. Serial two-fold dilutions of these suspensions were then mixed with equal volumes of a 1% (v/v) suspension of either guinea pig (Gp), sheep (Shp), or rabbit (Rb) erythrocytes in a 96-well plate. After a 1-h incubation at 35°C plates were read for hemolysis. The cell-associated hemolytic (CAH) titer of a given strain was defined as the reciprocal of the highest dilution of the bacterial suspension that yielded 100% lysis as determined with a saponin-lysed control.
Iron utilization studies
EDDA (ethylenediamine di(o-hydroxyphenylacetic acid) (Sigma) was deferrated by the method of Rogers [5] , filter-sterilized, and then added to autoclaved L agar that had been precooled to 46°C. EDDA was added to L agar at a final concentration of 250 /xg m1-1 and then the medium was allowed to solidify before storage at 4°C for 24 h prior to use. At the end of this period, tubes containing 20 ml of L agar with EDDA were liquified and cooled to 46°C for 30 rain and then seeded with a suspension of the test E. tarda strain at a concentration of about 5 × 104 cfu m1-1. Plates were then poured and 3-mm wells were punched in the agar. Sterilized suspensions of transferrin (human), lactoferrin (human), hemoglobin (human), ferritin (horse), hemin (bovine), hematin (bovine), protoporphyrin IX (bovine; Sigma Chemical Co., St. Louis, MO) and a number of other inorganic iron-containing compounds were then added (15 ~1) to individual wells. The transferrin and lactoferrin solutions were iron-saturated. Plates were then incubated for 16-18 h at 35°C after which the diameter (mm) of the zone of bacterial growth around each well was measured.
Growth of E. tarda under iron-restricted conditions
The effect on E. tarda growth of adding ironcontaining organic compounds to iron-depleted media was investigated. Strain ET-13 was grown in tryptone broth at 35°C for 18 h after which a 1-ml sample was used to seed a series of five nephelometer flasks. Each flask (250 ml) contained 25 ml of L broth with EDDA at a final concentration of 40/xg ml-~ to which either iron in the form of hemoglobin (1 /zM), hematin (10 /zM), or heroin (10/zM) had been added individually. Controls included L broth with and without EDDA only. After inoculation of ET-13, flasks were incubated on a gyrarotary environmental shaker at 150 rpm at 35°C. At hourly intervals, flasks were removed and the optical density of each culture was determined (A610).
Hemolysin expression in iron-deficient media
To study hemolysin expression under iron-restricted conditions a number of E. tarda strains were grown in static culture in L broth (5 ml) in 13 x 100 mm tubes with and without 5 /~g of EDDA. Cultures were grown for 20 h at 35°C. At the end of this period, a 1-ml sample was withdrawn from each tube and centrifuged in a Beckman microfuge for 10 min. A 400-~1 sample of the cell-free supernatant was then withdrawn and mixed in a 15-ml disposable tube with 1.6 ml of a 0.5% HuA erythrocyte suspension in a buffer 277 consisting of 0.02 M KH2PO 4, 0.06 M Na2HPO 4, and 0.12 M NaC1. This mixture was then incubated for 45 min at 35°C after which the hemolysin lysis mixture was centrifuged (2500 x g) to remove intact erythrocytes and cell debris and the supernatant was transferred to cuvettes. The amount of hemoglobin released from erythrocyte lysis was determined by measuring the A515 from each mixture. The hemolytic activity for each strain was defined as (As1 s of hemolysin assay/ h610 of culture) x 100 as previously detailed by Daskaleros et al. [6] .
Characterization of hemolytic activity
E. tarda (strain ET-13) was grown overnight in L broth supplemented with 5 p~g ml-1 of EDDA in an environmental shaker (New Brunswick Scientific) at 150 rpm at 35°C. A 400-/xl aliquot of the cell-free supernatant was incubated with various inhibitors (at 0.5 mg ml-1), enzymes (100 /~g), or other chemicals (1 mM) for 20 min at 35°C before a 0.5% HuA erythrocyte suspension in lysis buffer was added. Reactions were allowed to progress until the positive control tube containing enzyme only approached 100% lysis (A515). The effect of various treatments on the 278 hemolysin of ET-13 was expressed as the relative percent inhibition of hemolytic activity (AsI 5 control -A515 treatment)/A515 control ×100. A negative control consisted of PBS or L broth only.
Results
Four different assays, all employing HuA erythrocytes, were used to screen 38 strains of Edwardsiella for hemolytic capabilities (Fig. 1) . Over 80% of the E. tarda strains tested were hemolytic in agar overlay (AO) and contact hemolysis (CH) assays; less than 40% of the E. hoshinae strains were similarly positive by AO and none of the E. hoshinae or E. &taluri were positive by CH. A plate assay (PA) using 1% HuA erythrocytes detected hemolytic activity in all E. ictaluri and 60% of the E. tarda strains while E. hoshinae isolates were judged to be negative. No hemolytic activity was detected in the cell-free supernatant of any of the 38 strains tested when grown in tryptone broth; only three E. tarda strains were non-hemolytic in all four assays.
To determine whether the growth medium or red blood cell type influenced hemolysin expression significantly and to obtain a more quantitative estimate of hemolytic activity, 36 brain heart infusion broth grown strains were tested against guinea pig, sheep, and rabbit erythrocytes for cell-associated hemolysis (CAH). Overall E. tarda strains produced 20-70-fold higher hemolytic activity than E. hoshinae strains under identical conditions. For E. tarda, hemolytic activity was most pronounced on guinea pig erythrocytes (mean 138.6) as opposed to either rabbit (mean 74.6) or sheep red blood cells (mean 58.1); no significant difference was noted for E. hoshinae (means 2.0-3.3); E. ictaluri strains were non-hemolytic under these conditions. When E. tarda strains were seeded into L agar containing EDDA at 250 /~g m1-1 no growth occurred unless the bacteria were able to utilize the iron-containing compounds present in various wells. Under identical conditions all three E. tarda strains tested reacted similarly demonstrating best growth in the presence of 10 /xM hemoglobin and 100/zM solutions of hemin and hematin. Most inorganic sources were not utilized nor were transferrin, lactoferrin, ferritin, and protoporphyrin IX. Growth of E. tarda strain ET-13 in L broth containing 40/zg m1-1 EDDA was minimal after 6 h (Fig. 2 ) when compared to controls. Such cultures when supplemented with iron in the form of hemoglobin, hemin, or hematin grew roughly equivalent to that observed in L broth alone; on a molar basis hemoglobin supported growth best, followed by hematin and hemin.
To determine whether this hemolysin could be released extracellularly under iron-depleted conditions several E. tarda strains were grown in L broth under iron-restricted conditions and then assayed for hemolytic activity. As can be seen in Table 1 , expression of cell-free (filterable) hemolysin was markedly enhanced in iron-deft- The hemolysin of ET-13 had the general characteristics of a heat-labile protein showing inactivation by heat (56°C) and various proteases (Table 2). Reducing agents such as dil~hiothreitol and mercaptoethanol also abolished activity. Various protease inhibitors were only moderately active (30-50%) in inhibiting this hemolysin. N-Ethylmaleimide, an alkylating agent, inhibited almost all hemolytic activity while o-phenanthroline, a metalloprotease inhibitor, was less effective.
Discussion
We have confirmed that most strains of Edwardsiella tarda and some E. hoshinae produced a hemolysin, although this activity cannot be detected on traditional blood agar (5%) plates nor in the cell-free supernatant fraction of cultures grown on common laboratory media such as brain heart infusion broth. E. ictaluri was also found to produce a hemolysin but only by the modified plate assay; this result is probably due to the need for E. ictaluri to be continually grown at 25°C for expression to be detectable. This hemolytic activity under normal conditions appears to be cell-associated with little extracellular hemolysin released into the broth phase alone.
The hemolysin of E. tarda was released extracellularly from bacteria in ffon-depleted L broth. All strains but one expressed higher cell-free hemolytic activity in iron-deficient media than in L broth without EDDA supplementation although the enhancement varied from as little as 3-to as much as 40-fold. The hemolysin of strain ET-13 was further characterized by chemical, physical and enzymatic inactivation. Its inactivation by reducing agents, bromelain, and N-ethylmaleimide suggests that it has active thiol and disulphide residues necessary for hemolytic activity. Lack of inhibition by EDTA and dipridyl indicates that cations such as calcium are apparently not required for expression. Further work
